Electrochemical etching processes allow the cost-effective fabrication of tunable photonic crystals for wide field of sensor applications. Key issues of the crystal development are the precise control of fabrication parameters and the application-oriented realization. Tunable narrow band photonic crystals are useful optical devices for spectral range scanning, especially in MOEMS based scanning systems for multi-spectral analysis. Index matching and apodization are effective optical tools for successful formation of narrow band optical filters without side lobes and ripples outside the stop band. In this paper, design rules, influence of the process parameters, optical properties and characterization of narrow band porous silicon based photonic crystals for MOEMS based scanning systems are presented.
Introduction
Porous silicon (PS) based Distributed Bragg reflectors (DBRs) with step-like refractive index profiles, or rugate filters with continuous refractive index profiles are suitable configurations to realize a so-called stop band at a defined central wavelength λ 0 . Additional refractive index profile modifications, such as application of index matching and apodization allow the realization of narrow line-width optical filters with pronounced stop band reflectivity at the central wavelength and suppressed reflectivity outside the stop band [1] [2] [3] [4] . The filter properties, namely the position of the stop band (central wavelength) λ 0 , bandwidth ∆λ and reflectance peak, R of the stop band, are defined by equations (1)-(3) [5] , where n H and n L are the high and low refractive indices of the layers with thickness values d H and d L , respectively, N is the number of periods (n H + n L ), and n a and n s are refractive index values of the ambient and substrate.
Nomenclature
The refractive index profile of a rugate filter, n(x) at a given central wavelength, λ 0 can be expressed as the sum of average and sinusoidal refractive index [1, 4] (eq. 4), where n 0 is the average refractive index, Δn is the refractive index contrast and x is the distance from the wafer surface:
Narrow band optical filters can be used in different sensor applications and MOEMS scanning systems e.g. for multi-spectral analysis [6] . In this paper the design rules, influences of the process parameters, optical properties and characterization of narrow band porous silicon based photonic crystals for MOEMS based scanning systems are presented.
Experimental
Different multilayer structures were simulated using Essential Macleod simulation software to analyze the optical properties and influences of the fabrication conditions, e.g. contrast of refractive index, layer number, apodization and index matching on the reflectance spectra. PS based rugate filters were formed in high doped (0.005-0.01 Ωcm) p-type substrates. Anodization was performed in a mixture of 50 m% HF and absolute ethanol in volume ratio 1:1, using n H = 1.8226 and n L = 1.7736 (n H /n L = 1.0276) and N = 50, to achieve a stop band peak in the range of 650-700 nm. The optical filters were measured in a wide range of wavelengths (200-1200 nm) with an Avaspec 2048-UA-50-AF spectrometer, using a halogen lamp source. The index-matching layers to air and to substrate were designed with a thickness of approximately 1280 nm, and 660 nm, respectively with a third-order polynomial function. The anodization current was computer controlled by Konstanter PSP1500. One sinusoidal period was approximated by 25 step-functions.
Results and discussion
A typical refractive index profile of an index matched and apodized rugate filter is shown in Fig. 1a . The profile consists of three main parts: the apodized sinusoidal middle part framed by index matching layers to air and substrate. Simulation results using Essential Macleod show that apodization eliminates the sidelobes, while index matching suppresses ripples outside the stop band as illustrated in Fig. 1b . Simulations show that the peak bandwidth is decreasing with decreasing central wavelength and decreasing contrast (n H /n L ) (Fig. 2) , however, decreasing contrast (n H /n L ) results in reflectance reduction (Fig. 3a) , which can be compensated by increasing layer number (Fig. 3b) . Relatively thick index matching layers and apodization led to effective suppression of ripples outside the stop band and to reduction of the side lobes, however simultaneously to reduction of the reflectance peak. This effect could be compensated by optimization of filter contrast (n H /n L ) and number of periods, N (see Fig. 3 ). Influence of subsequent process steps, such as surface stabilization, on the filter properties was also investigated. Surface stabilization using oxidation process led to blue shift of the central wavelength, slight increase of the band width and slight reduction of reflectance. The simulation and measurement results were in good agreement.
Conclusions
Fabrication and simulation of narrow-band photonic crystals based on porous silicon was described in this work. It was shown that index matching and apodization are effective optical tools for successful formation of narrow band rugate filters without side lobes and ripples outside the stop band. Such narrow band PS-based photonic crystals can be applied in a miniaturized MOEMS optical scanning system for multi-spectral analysis. By combining fast micromechanical tilting and pore-filling of porous-silicon-based photonic crystal (Fig. 6) , a wavelength scanning range of approximately ±20 % around the central wavelength, λ 0 at frequencies up to kilohertz can be achieved [6, 7] . [6] 
